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Abstract
We introduce “The Integrator,” a novel technique to quantify transport and reaction metrics commonly used

to characterize flow systems. This development consists of two products: (1) The Integrator sampling device and
(2) its supporting mathematical framework, which is compatible with semi-continuous sensor data. The use of
The Integrator device simplifies the logistics of sample collection and greatly reduces the number of samples
needed, making it ideal to characterize systems that are: (1) difficult to access, (2) large and thus intractable or
highly heterogeneous, and (3) highly instrumented otherwise but where a more holistic, mechanistic under-
standing may be gained by monitoring one or more currently untracked elements. We tested and validated The
Integrator technique using experimental data collected from a heart rate monitor (high-quality, high-frequency
data in response to known excitation events) and solute tracer experiments conducted in two contrasting
(fourth and seventh order) rivers. In the Supporting Information, we provide details concerning the design of
The Integrator device used in our field case studies and provide insight into potential improvements. Despite our
case studies focus on the analysis of conservative and reactive transport of solutes in rivers, the principles
behind The Integrator technique can be used to monitor water quality in hyporheic zones, aquifers, wetlands,
swamps, karsts, oceans, wastewater treatment plants, pipe networks, and air quality. Furthermore, special
arrangements of Integrator devices can be used to gather data at spatial and temporal resolutions that are cur-
rently unattainable due to high transportation and/or personnel costs.

Environmental monitoring of solutes (dissolved gasses, liq-
uids, and solids) in flow systems is based on observations of
concentrations that are relevant to the health of humans and
ecosystems, and is typically done through sample collection
organized either: (1) over time, at specific sites (Eulerian moni-
toring) and/or (2) across space (Lagrangian monitoring),
within short-time windows (synoptic sampling) or seeking to
follow a moving fluid parcel. Eulerian and Lagrangian moni-
toring allow estimates of control-volume, average responses of
flow systems to upflow events (e.g., runoff from precipitation
and plume propagation from spills) or tracer injections and
can be done using grab or semi-continuous sampling (in situ
automated sensors). Due to logistical simplicity, the use of

Eulerian monitoring to collect solute breakthrough curves
(concentration vs. time) is much more common in environ-
mental studies despite known challenges and faults (Nordin
and Sabol 1974; Drummond et al. 2012; González-Pinzón
et al. 2013) (Table 1), and Lagrangian approaches tend to be
more used in modeling studies (e.g., particle-tracking analyses;
Berkowitz and Scher 1995; Schumer et al. 2009) because dis-
persion and transient storage processes create wide distribu-
tions of travel times that are difficult to predict and respond
to when tracking fluids in motion (Zhang et al. 1993, 2015;
Goeury et al. 2014).

In tracer experiment studies done to understand the trans-
port and fate of solutes, the most typical in situ faults that result
in high uncertainty and errors are those related to the late
beginning and/or the early cut-off of the sampling as they affect
mass balances, the estimation of residence time distributions,
and reactivity (Drummond et al. 2012; Wlostowski et al. 2017).
Using experimental data, Govindaraju and Das (2007) showed
that when the error in mass recovery is 16%, the errors in esti-
mating the absolute temporal moments of solute breakthrough
curves (i.e., the characteristic temporal responses of the flow
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system to a perturbation) can be as high as approximately (n +
1) � 16% for n = 0 through n = 4 (i.e., from 0th to 4th) order tem-
poral moments. Even when the sampling begins and lasts the
appropriate period to cover the full dynamic range of the time-
series evolution, grab sampling analyses are challenged by
the costs of sample collection and subsequent laboratory ana-
lyses, especially for spatially and/or temporally intense studies
(e.g., repetitive fieldwork across river networks spanning
months or years). For illustrative purposes, conducting tracer
experiments to study scaling patterns in the transport and reac-
tivity of solutes in a 1st–5th order fluvial network could require
the processing of at least 20 Eulerian samples per monitoring
site to describe solute breakthrough curves, totaling 200 samples
if two monitoring sites are used per stream order. If, for exam-
ple, ion chromatography was to be used, the cost of running
the samples will conservatively reach USD $2000 when filtra-
tion, transport, and analytical costs are included. Beyond such
high costs, the sample processing time could easily surpass
125 nonstop working hours (assuming 25 min per sample, plus
appropriate standards and blanks).

The advent of in situ monitoring sensors connected via
telemetry has facilitated semi-continuous Eulerian monitoring
of aquatic systems where sampling frequency can be varied
automatically or remotely to capture relevant events such as
rainfall, snowmelt, and wildfires (Bayard et al. 2005; Kraus et al.
2017; Melcher and Horsburgh 2017; Vaughan et al. 2017).
However, grab sampling is still widely used, primarily due to
lower upfront costs, but also to calibrate and validate in situ

sensors, as their reliability and accuracy present numerous chal-
lenges (e.g., drifting, miscalibration, false positives/negatives,
and inability to detect low or high concentrations). In principle,
grab sampling offers more flexibility than semi-continuous
monitoring with respect to choosing sampling frequencies and
coverage as decisions can be made on-the-go and personnel and
transportation costs are typically smaller than instrument pur-
chase, maintenance, and part-replacement costs. However,
long-term monitoring may be onerous and much more expen-
sive to do with grab sampling.

The logistical, technical, and affordability issues associated
with grab and semi-continuous Eulerian monitoring have, and
continue to, put a toll on the planning and execution of envi-
ronmental studies. This increases the scientific gap in our
understanding of the differences and similarities of eco-
hydrological processes occurring within and across watersheds
and, perhaps most importantly, across latitude, longitude, and
elevation gradients around our planet. We highlight two exam-
ples of what is wrong with this status quo. First, ~ 90% of field
tracer experiments done to estimate nutrient uptake in lotic
ecosystems have been done in headwater streams (Tank et al.
2008; Hall et al. 2013; González-Pinzón et al. 2015), generating
fundamental knowledge gaps regarding the mechanistic behav-
ior of nutrient dynamics across fluvial networks, such as the
role of physical characteristics, the impact of resource supply,
quality, and stoichiometric constraints, and how all these fac-
tors vary over time and space, especially when considering
anthropogenic disturbances. Second, a search of published
studies on “stream” and “nutrient” across various geographic

Table 1. Typical needs, challenges, and faults in Eulerian monitoring of environmental systems.

Need Challenges In situ faults

Identify arrival and

passage times

1. It is difficult to identify the beginning and end of grab

sampling campaigns tracking unobservable or low visibility

solutes.

2. In situ instruments may have detection limits above

environmentally relevant concentrations, thus artificially

lagging and/or truncating solute breakthrough curves.

Breakthrough curves are started late and/or truncated

prematurely, both of which affect mass, timing, variability,

and skewness analyses.

Identify sampling

frequency

1. The forecasting of solute breakthrough curves relies on

highly uncertain, nonphysical model parameters known to

be discharge and site-specific.

2. In situ, semi-continuous instruments may drift and/or

generate false positives/negatives, which may affect the

triggering and stoppage of automated (programmed)

sampling.

Grab samples with high information content (e.g., peak,

inflection, and background) are not collected; conversely,

high-frequency grab sampling and associated analytical

costs may be unaffordable. In addition, semi-continuous

sensors may miss the dynamics of rapid changing events

due to coarse sampling frequencies.

Identify sampling

coverage

1. Defining sampling locations for grab and semi-continuous

sampling relies on modeling forecasting, which may be

highly uncertain.

2. Spatial coverage is limited by availability of personnel or

instrumentation at different sampling points.

3. Capturing all possible end members affecting downflow

responses is difficult or simply unattainable.

The location of sampling points may not comply with the

level of complexity of numerical models (e.g., violating

mixing length assumptions in one-dimensional models) or

lead to reaches that are either too short (e.g., where

negligible reactions occur) or too long (e.g., outside of the

range of sensor/analytical resolution).
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regions (ISI Web of Science) showed a highly disproportionate
concentration of studies in the Northern Hemisphere, despite
the importance of intertropical and low-latitude ecosystems for
local-to-planetary scale biogeochemical cycles (Riveros-Iregui
et al. 2018). Therefore, we believe that by advancing current
methods to conduct environmental monitoring of flow sys-
tems, we can improve our understanding of ecohydrology pro-
cesses and open new ways of inquiring and testing research
questions with emphasis on spatiotemporal variability.

This manuscript introduces “The Integrator,” a novel tech-
nique that simplifies grab sample collection and drastically
reduces analytical costs, making it ideal to characterize systems
that are: (1) difficult to access, (2) large and thus intractable or
highly heterogeneous, and (3) highly instrumented otherwise
but where a more holistic, mechanistic understanding may be
gained by monitoring one or more currently untracked ele-
ments. We demonstrate that the mathematical framework that
supports the use of The Integrator device is also compatible with
semi-continuous monitoring. Therefore, our work coadvances
grab and semi-continuous monitoring, making them analogous
and comparable, which is ideal to reconcile and contrast data
gathered across regions and continents. After presenting the
mathematical framework that supports the use of The Integrator
to quantify transport and reaction metrics commonly used to
characterize flow systems, we validate the technique with
experimental data collected from a heart rate monitor (high-
quality, high-frequency data in response to known excitation
events) and solute tracer experiments conducted in two contra-
sting (4th and 7th order) rivers.

Conceptual and mathematical framework
A higher number of samples increases the temporal resolu-

tion in Eulerian monitoring. For grab sampling, the maximum
resolution, precision, and accuracy will be achieved when the
system’s response is captured continuously and uniformly
(i.e., at a consistent sampling rate). If the sampling is continu-
ous, the magnitude of the uniform sampling rate does not
affect the information content since intensive (e.g., concentra-
tion) and extensive (e.g., mass) quantities scale proportionally
with sample volumes. To demonstrate this principle, let us
imagine that we sample the concentration of a solute in a
river (C(t)) continuously after a tracer is injected upstream at
time t = 0, by simultaneously pumping water from the exact
same monitoring site using two different but uniform
pumping rates (q1 and q2). To facilitate the mathematical anal-
ysis, let us also assume that we put the sampled water inside
two different, initially (at t = 0) empty bottles, and continue
to do this until t = tf, when the pumping and sample collec-
tion stop. The mass (M1 and M2) balance equations for such
bottles will be:

M1 =
ðt = tf
t =0

q1C tð Þdt ð1aÞ

M2 =
ðt = tf
t =0

q2C tð Þdt ð1bÞ

Since the two pumping apparatuses are sampling the exact
same flow system (i.e., simultaneously, at the same location
and for the same duration), and the magnitudes of the solute
fluxes across the sampling location (i.e., plume evolution) are
only controlled upstream, the final concentrations of the sol-
utes in the bottles (Cf, 1 and Cf, 2) must be exactly the same,
regardless of their final volumes (V1 and V2), that is,

Cf,1 =Cf,2;M1=V1 =M2=V2;M1=q1 =M2=q2 ð2Þ

Equations 1–2 introduce the working principle of The Inte-
grator, a sampling technique that, to the best of our knowl-
edge, has not been used to monitor environmental flow
systems. The Integrator sampling is based on a simple device
that continuously samples water from a flow system, down-
flow of the perturbation or phenomena to be monitored. If
The Integrator device is set to monitor an event before its
arrival to the monitoring point, which does not necessarily
need to coincide with the beginning of the perturbation
(e.g., tracer injection), it can be used to quantify mass balances
of conservative and reactive solutes from prearrival back-
ground to postpassage background, thus avoiding monitoring
issues associated with late sample collection and early cut-off
(cf. Table 1). In contrast to the ideal, composite sampling that
can be achieved with The Integrator, traditional grab sampling
used in environmental studies are not continuous (thus
implicitly imperfect), though they may be uniform (equal
time spacing between samples).

The Integrator device can be simply made using a pump, a
filtration system and a storage container. For practical pur-
poses, the pumping rate should be small (regardless of its mag-
nitude, as demonstrated in Eqs. 1–2) to reduce the electrical
power, ease the handling of sampled volumes, and to extend
the life of all the parts used to pump and transport fluids
(lower motions, pressures, and fluxes typically increase the
life-span of all components). In the Supporting Information,
we provide details concerning the design of The Integrator
device that we used in our case studies (“Case studies” sec-
tion), including a schematic and a list of parts used. In addi-
tion, we provide information on the development of several
components that we optimized through experimentation (trial
and error) and insight into potential improvements for future
versions of The Integrator device. Next, we show the metrics
that can be quantified with The Integrator.

The Integrator: Reducing the complexity of flow systems to
mass-balance analyses in bottles

Fundamental time-series analyses of experimental concen-
tration data can be done using low-order temporal moment
analyses. The 0th temporal moment, which is the integral of
the response over time, quantifies the overall response
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strength to an excitation or perturbation of the flow system,
and the 1st raw, normalized temporal moment provides infor-
mation on the time between excitation and the characteristic
response time of the system (Leube et al. 2012). These tempo-
ral moments estimated from experimental time-series can be
matched with the theoretical temporal moments of transport
and reaction models to estimate their parameters (Harvey and
Gorelick 1995; Cunningham and Roberts 1998; Schmid 2003;
Govindaraju and Das 2007; Das Bhabani et al. 2013;
González-Pinzón and Haggerty 2013).

In Eulerian monitoring, the nth raw (or absolute) moment,
mn, of an experimental concentration time-series, C(t), is:

mn =
ð∞
0
tn C tð Þdt ð3Þ

Raw temporal moments are related to statistical moments,
but are applied to time rather than to random variables. The
nth normalized raw moment (or normalized absolute
moment), m*

n, is defined as:

m*
n =

mn

m0
ð4Þ

Using experimental data, Eqs. 3, 4 can be computed as:

mn =
Xr

k=1

tk + tk+1
2

� �n Ck +Ck+1

2

� �
tk+1−tkð Þ ð5aÞ

m*
n =

Pr
k=1

tk + tk+1
2

� �n Ck +Ck+1
2

� �
tk+1− tkð ÞPr

k=1
Ck +Ck+1

2

� �
tk+1− tkð Þ ð5bÞ

where k is an index and r is the total number of observations.
Using the continuous and uniform sampling that can be

made available by The Integrator device, 0th-order temporal
moments can be calculated from the final concentration of a
single composite sample, which makes this technique ideal to
perform inexpensive mass-balance analyses. Mathematically,

m0 =
ðtf
0
C tð Þdt = ~Cf tf ð6aÞ

where ~Cf is the final, volume-averaged concentration collected
in an initially (at t = 0) empty bottle, after the continuous
(from t = 0 to t = tf), uniform sampling with The Integrator
device is stopped at t = tf. In general, the bottle does not
have to be empty at t = 0, but the initial volume (V0) and con-
centrations (C0) of all the tracked solutes would need to

be known to properly correct for dilution (i:e:, ~Cfdilution =
~Cf � V f−V0ð Þ+C0 �V0

� �
=V f ; where Vf is the total volume inside

The Integrator’s bottle at time tf). Similarly, the concentrations
of the tracer being monitored do not have to be zero at back-
ground conditions, but must be known to remove their effect

in the 0th-order temporal moment estimated with The Integra-
tor, that is,

m0,bckg−corrected = ~Cf − ~Cfbckg

� �
tf ð6bÞ

where ~Cfbckg best represents pre- or postevent background con-

centrations, or their average. Alternatively, the term ~Cfbckgtf
can be replaced by the area under the curve of a function
describing background variation over time, using the same
methods used to remove baseflow in hydrograph analyses.

Note that for high-frequency, semi-continuous (Δt ! 0)
and uniform (Δt=constant) monitoring:

m0 =
ðtf
0
C tð Þdt = ~Cs−c tf ð7Þ

where ~Cs−c is the average of semi-continuous concentrations

recorded by in situ sensors. In other words, ~Cf (from The Inte-

grator, Eqs. 6a, 6b) and ~Cs−c (from semi-continuous sensors,
Eq. 7) can be used interchangeably in all previous and upcom-

ing equations. In the remainder of this article, we will use ~Cf

in the formulae but recall that it could be changed to ~Cs−c if
semi-continuous data are available.

The estimation of experimental 0th-order temporal
moments with The Integrator device reduces costs and analyti-
cal times by a factor directly proportional to the number of
samples that would have been collected (i.e., at least 20 per
breakthrough curve in solute tracer experiments). Also, note
that even though it would not be possible to directly estimate
1st order temporal moments (information on the time
between the excitation and the characteristic response time of
the flow system) from composite samples, The Integrator device
could incorporate a sensor tracking the breakthrough curve of
a conservative solute to compute m*

1 from Eq. 5b. This can be
done using in-line microelectrodes reading out, for example,
electrical conductivity or fluorescence as The Integrator sam-
ples. While not being able to estimate 1st order temporal
moments directly from water samples seems to be a drawback
of The Integrator, we show below that most of the metrics that
are routinely estimated to characterize conservative and reac-
tive transport can be calculated from 0th-order temporal
moments and information that can be accurately approxi-
mated with readily available flow-trackers.

The Integrator: Estimating reactivity in a river reach
González-Pinzón and Haggerty (2013) developed an effi-

cient method that can be used to estimate uptake (also
referred to as decay, transformation, or processing) or produc-
tion rate coefficients (λ) using algebraic equations resulting
from the 0th-order temporal moment of a solute transport
model including advection, dispersion, transient-storage, and
first-order decay (or production when λ < 0 in Eqs. 8, 9). These
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equations can be solved using upstream and downstream
(superscripts up and dn below) experimental data gathered
with The Integrator:

λ=
ln mup

0,reac:=m
dn*

0,reac:
� �

uL
1+

ln mup
0,reac:=m

dn*

0,reac:
� �

Pe

0
@

1
A ð8Þ

where mdn*

0,reac: =m
dn
0 ðmdn

0,cons=m
up
0,cons) is the dilution corrected

(inferred from a conservative tracer, subscript cons) 0th-order
temporal moment of a reactive tracer; u the mean velocity in
the reach (u = Q/A); A the cross-sectional area of the main
channel; L the length of the reach; Pe = L u/D is the Peclet
number, which describes the relative importance of advection
and dispersion in the flow system; and D the dispersion coeffi-
cient. González-Pinzón and Haggerty (2013) demonstrated
that for advection dominated systems, such as stream ecosys-
tems, Pe >100 and this simplifies Eq. 8 to

λPe >100 =
ln mup

0,reac:=m
dn*

0,reac:
� �

uL
ð9Þ

Finally, the uptake (or production, if λ < 0) length (Sw) and
uptake (or production, if λ < 0) velocity (Vf) metrics (see
Ensign and Doyle 2006 for detailed descriptions of these met-
rics) can be calculated as:

Sw =
u

λPe>100
ð10Þ

V f =
Q=w
Sw

ð11Þ

where w [L] is the average width of the stream reach. Briefly,
Sw is the average distance traveled by a nutrient molecule prior
to uptake and Vf is the average vertical velocity of nutrient
molecules through the water column toward the most active
uptake sites.

The Integrator: From mass-balances in a bottle to river
processes

For steady-flow conditions, the continuous, uniform sam-
pling from The Integrator allows us to estimate mass-balance
equations in a bottle (cf. Eqs. 6a, 6b) and extrapolate that
knowledge to flow systems using simple scaling ratios, as Eq. 2
suggests. To demonstrate this, note that the final concentra-

tions (~Cf) and 0th-order temporal moments (m0 = ~Cftf ) that
would be obtained from sampling continuously and uni-
formly an infinitesimal flowpath in a river would be the same
that would be obtained if we divert all the flow crossing the
same monitoring location and store it inside a nonleaking res-
ervoir (infinite size bottle). Furthermore, for a conservative
tracer, those equal 0th-order temporal moments would be
equal to that at the injection point (m0injection = Minj/Q@inj;

where Minj is the tracer mass injected and Q@inj is the dis-
charge at the injection location) if tf is long enough to guaran-
tee full mass recovery. Thus, the two seemingly distal
sampling methods (infinitesimal flowpath vs. full-flow) follow
one of Euclid’s five axioms: “things which are equal to the
same thing are equal to each other.” Putting Euclid’s axiom in
the context of monitoring a conservative tracer following an
instantaneous injection, the 0th-order temporal moments
obtained with either the infinitesimal (continuous and uni-
form) or full-flow sampling approaches (or any alternative in
between) are equal to m0injection and, thus, equal to each other.
Since qIntegrator is constant, MIntegrator = qIntegratorm0Integrator,
and then:

m0injection =m0Integrator !
Mstream

Qstream
=
M Integrator

qIntegrator
!Mstream = ~Cf t f Qstream ð12Þ

For unsteady flow conditions, Eq. 12 becomes:

Mstream =
ðt = tf
t =0

C tð ÞQ tð Þdt ð13aÞ

Mstream =
Xr

k= 1

Ck +Ck+1

2

� �
Qk +Qk+1

2

� �
tk+1−tkð Þ ð13bÞ

which can be used to analyze high-frequency sensor data. For
composite sample with The Integrator device and for gradually
varied flow, Mstream can be closely approximated by:

Mstream � eCf

ðt = tf
t =0

Qstream dt ð13cÞ

Mstream � ~Cf

Xr

k=1

Qk +Qk+1

2

� �
tk+1− tkð Þ ð13dÞ

Note that Eqs. 12 13 can be used to estimate partial mass
recoveries when tf < time to full mass recovery, and that while
any flow effects causing changes in the transport processes
(e.g., advection, dispersion) and diluting the tracer signal will

already be captured by ~Cf , Eq. 13 would only become an
equality if the pumping rate of The Integrator device is directly
proportional to the changes in discharge. Although this can
be achieved, for example, by adjusting the pumping rate with
a calibrated pressure transducer (i.e., using a known rating
curve), it is likely that the uncertainty in the rating curve (typ-
ically ~ 10% or more) would be much greater than the
error involved in the numerical approximation made in
Eqs. 13c, 13d.

The Integrator sampling approach holds the associative
property of addition and integration, meaning that the total
0th-order temporal moment equals the summation of 0th-order
temporal moments captured by each of n bottles used during

the experiment (i.e., m0 =
Pn

i=1
~Cf, i tf , i). Also, while Eqs. 6a, 6b
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do not impose limits on tf, from a practical standpoint the
duration of the monitoring with The Integrator into a single

bottle should be shorter than the time tf for which ~Cf becomes
smaller or near the limit of quantification of the analytical
technique used to read the solute concentrations.

The Integrator: Estimating river discharges from
instantaneous tracer injections

The Integrator concepts can be applied to the well-
documented salt dilution method of determining river dis-
charge (Q) under steady-state flow conditions (Kilpatrick and
Cobb 1984). For this, a known mass of conservative tracer
(Minj) needs to be injected and the experimental 0th-order tem-
poral moment of the conservative tracer plume (m0Integrator)
must be monitored at a location downstream of the lateral
and vertical mixing zones. If there is not dilution between the
injection and sampling sites,

Q =
M inj

m0Integrator
=
M inj

~Cf tf
ð14Þ

The Integrator: Estimating steady-state gain or dilution
factors

The steady-state gain (SSG), or dilution factor within a
reach, can be estimated using The Integrator. For this, a known
mass of conservative tracer (Minj) is injected and the 0th-order
temporal moment of the conservative tracer plume is moni-
tored downstream of the lateral and vertical mixing zones:

SSGinj−dn =
m0Integrator

minj:
0

=
~Cf tf
M inj

Q ð15Þ

Alternatively, two monitoring stations (upstream [up] and
downstream [dn]) can be used to track the tracer plume and
estimate SSG between them.

SSGup−dn =
mdn

0Integrator

mup
0Integrator

=
~Cf tf

��
dn

~Cf tf
��
up

ð16Þ

Case studies
Heart rate monitoring

We used information from a heart rate monitoring device
collecting data every second during running and biking work-
outs to validate The Integrator idea in a highly controlled
experiment. We normalized the heart rate measurements by
the maximum heart rate observed during each workout, which
began at t = 0 and ended at tf. This controlled experiment
offered data that, for practical purposes, were continuously
and uniformly recorded, and represented the response (heart
rate variability) of a system (person) to known perturbations

(workouts). Using the experimental data, in Fig. 1 we present
the results of: (1) using Eq. 5a to estimate the experimental
0th-order temporal moment from all the data recorded (3600
measurements per hour of workout), (2) comparing those
numbers with the calculations derived from The Integrator con-
cept (Eq. 7), and (3) analyzing the effects of adding data gaps
lasting 1, 3, and 5 min to compare differences between “con-
tinuous” and semi-continuous, but still uniform monitoring.

Field tracer experiments

Site descriptions
Fourth-order stream
We conducted an instantaneous tracer injection experiment

in the Jemez River, NM (U.S.A.) to compare results from manual
grab sampling, semi-continuous sensor data, and sampling with
The Integrator (Fig. 2). The Jemez River is a tributary of the Rio
Grande and drains approximately 1450 km2 of the Jemez
Mountains in north-central New Mexico. Mean annual dis-
charge is 1.4 m3 s−1 (2004–2015, USGS gauge #08324000).
Downstream of our study reach, the Jemez continues for
approximately 50 km until it reaches the Rio Grande. Table 2
summarizes relevant information from this tracer experiment.
For the Jemez experiment, we injected and monitored NaCl as a
conservative tracer, and resazurin and NaNO3 as reactive tracers.

Seventh-order stream
We conducted another instantaneous tracer injection

experiment in the Rio Grande, near Albuquerque, NM (U.S.A.).
We injected and monitored NaBr as a conservative tracer and
NaNO3 as a reactive tracer in a 7th order river reach affected by
populated areas, flow control dams, and agricultural diversion
dams. Mean annual discharge in the study reach is ~ 25 m3 s−1

(2004–2015, USGS gauge #08329918). Table 2 summarizes rele-
vant information from this tracer experiment, and we note that
between the injection and the sampling sites, there is an agri-
cultural diversion channel that changed flow from 8.9 to
7.4 m3 s−1 (Fig. 2).

Monitoring and analytical methods
The timing for manual grab sample collection was guided by

a predictive model simulating solute transport conditions for
the in-stream characteristics presented in Table 2 and by in situ
sensor measurements. These samples were taking at the thalweg
of the stream using triple rinsed syringes and filtered imme-
diately using 0.45 μm nylon filters (Whatman). For the
semi-continuous monitoring, we deployed YSI EXO2 sondes
measuring nitrate (NO3, using an ion-selective electrode),
temperature and specific conductivity, an S::Can probe
tracking NO3 (spectrophotometric detection) and a SUNA
V2 probe tracking NO3 (spectrophotometric detection). The
YSI sondes measured every 30 s and the dedicated NO3 sen-
sors every 2 min.

The Integrator device (see Supporting Information) sampled at
each sampling location using a pump pulling water into an off-
line (hydraulically disconnected) container that vacuum-filtered
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Fig. 1. The Integrator: Concept validation using heart rate data from two workouts. (A) Original data recorded every second (continuous monitoring,
referred to as “cont.”). (B–D) Resampling representative of heart rate data collected every minute (B), every 3 min (C), and every 5 min (D) (semi-
continuous monitoring, referred to as “s-c”). %diffcont. = 100 � abs[(m0, Integrator cont./m0, cont.) − 1) is the percent difference between estimating m0, the
0th-order experimental temporal moment, with Eq. 5a (trapezoidal integration with all data available) and Eq. 7 (m0,Integrator = ~Cs−ctf ; The Integrator con-
cept); %diffs− c = 100 � abs[(m0, Integrator s− c/m0, s− c)−1] and %diff.cont. vs. s− c = 100 � abs[(m0, Integrator s− c/m0, cont.)−1] are estimated for each gap
treatment.
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the water through a multifilter system with minimum pore size
of 0.45 μm, and then placed the water into the final storage
bottle. The prototype of the Integrator device used was selected
after early tests indicated that the most accurate continuous
and uniform sampling could be achieved when the pumping
lines were hydraulically disconnected from any component cre-
ating backpressures. Additional details about construction of
The Integrator device can be found in the Supporting Informa-
tion. All manual grab and Integrator samples were stored on ice
in the field, during transport, and in storage, and were analyzed
within 3 d of collection. Chloride (Cl), bromide (Br), and nitrate
(NO3) samples were analyzed using a Dionex ICS-1000 Ion
Chromatograph with AS23/AG23 analytical and guard col-
umns. Resazurin samples were analyzed using a Varian Carry
Eclipse spectroflurometer, following the methods described in
Knapp et al. (2018).

Comparison of 0th-temporal moments and transport metrics
We used Eqs. 5a, 6b to independently estimate background-

corrected 0th temporal moments from manual grab samples,

sensor data, and The Integrator samples (Table 3). Using man-
ual grab sampling as the correct, most established method, we
computed relative differences in estimating 0th temporal
moments with data derived from sensors and The Integrator
(e.g., %diff. = 100 � abs[(m0, Integrator/m0, grab) − 1]).

We used Eqs. 9–11(based on 0th temporal moments) to esti-
mate uptake metrics for the reactive tracers resazurin and NO3

(Table 4). Since uptake rate coefficients (λ) are used to estimate
the uptake length (Sw) and uptake velocity (Vf) metrics, and
are a function of the 0th temporal moments in Table 3, we
used the differences between 0th temporal moments in
Table 3 to estimate minimum-maximum ranges for each
uptake metric, instead of reporting single values. In doing this,
we seek to better understand the uncertainty of the uptake
metrics with respect to likely numerical errors caused
from analytical (e.g., limits of detection) or integration
(e.g., truncation) approximations. For example, the ranges
shown in Table 4 for the resazurin uptake metrics estimated
from both manual grab and The Integrator samples consider

Fig. 2. (Left) Jemez River (4th order stream). (Right) Rio Grande (7th order stream) and diversion channel.

Table 2. Field tracer experiment characteristics.

Masses injected Sampling locations Average flow characteristics

NaCl or
NaBr
(g)

Resazurin
(g)

NaNO3

(g)
Upstream
(US) (m)

Downstream
(DS) (m)

Discharge
(m3 s−1)

Width
(m)

Depth
(m)

4th order 5896 50 1000 910 1665 0.254 4.5 0.3

7th order 31,062 N/A 36,475 N/A 5665 8.215 27.5 0.61

N/A = Not applicable.
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the between method variability of the 0th temporal moments
(� 3.2% and �3.8% at the upstream and downstream sites,
respectively), as reported in Table 3.

Using Eq. 12, background corrected samples, and the uncer-
tainty propagation framework explained above, we estimated
ranges for the masses recovered at our upstream and down-
stream sampling sites (Table 5). Our results successfully dem-
onstrate the applicability of the mathematical framework
linking mass balances in a bottle to the understanding of
in-stream processes. We developed this framework while

developing The Integrator, but its formulae are transferable to
any sampling technique including grab and semi-continuous
sampling techniques (see “The Integrator: From mass-balances in
a bottle to river processes” section).

Discussion and conclusions
The Integrator is a novel technique to monitor environmen-

tal systems. Its development resulted in two products: (1)
The Integrator device, which we briefly described in the

Table 3. Comparison of 0th-temporal moments estimated with data from field tracer experiments. US, upstream; DS, downstream;
m0, 0

th temporal moment.

Jemez River 4th order

Cl Resazurin NO3

m0 (mg min L−1) %diff. m0 (mg min L−1) %diff. m0 (mg min L−1) %diff.

US manual grab 241.2 — 12.8 — 46.2 —

US sensor N/A N/A 49.2 6.5

US integrator 234.8 2.7 12.4 3.2 46.5 0.6

DS manual grab 233.6 — 11.0 — 40.0 —

DS sensor N/A N/A 40.1 0.2

DS integrator 234.8 0.5 11.4 3.8 42.5 6.2

Rio Grande 7th order

Br No resazurin injected NO3

m0 (mg min L−1) %diff. m0 (mg min L−1) %diff. m0 (mg min L−1) %diff.

DS manual grab 55.7 — N/A 58.7 —

DS sensor N/A 59.5 1.3

DS integrator 60.2 7.9 58.0 1.1

N/A = Not applicable.

Table 4. Comparison of uptake metrics based on 0th temporal moments estimated with data from field tracer experiments. US,
upstream; DS, downstream; m0, 0th temporal moment. λ, Sw, and Vf are the uptake rate coefficients, uptake lengths, and uptake
velocities.

λ (min−1) Sw (m) Vf (m min−1) λ (min−1) Sw (m) Vf (m min−1)

Jemez River 4th

order
Resazurin NO3

US to DS manual

grab

1.4 × 10−5 to

3.1 × 10−5
3.6 × 105 to

7.8 × 105
4.3 × 10−6 to

9.4 × 10−6
1.3 × 10−5 to

3.0 × 10−5
3.7 × 105 to

8.2 × 105
4.1 × 10−6 to

9.1 × 10−6

US to DS sensor N/A 4.0 × 10−5 to

5.6 × 10−5
2.0 × 105 to

2.7 × 105
1.2 × 10−5 to

1.7 × 10−5

US to DS

integrator

1.7 × 10−6 to

1.9 × 10−5
5.9 × 105 to

6.6 × 106
5.1 × 10−7 to

5.7 × 10−6
2.8 × 10−6 to

1.9 × 10−5
5.7 × 105 to

3.9 × 106
8.5 × 10−7 to

5.9 × 10−6

Rio Grande 7th

order

No resazurin injected NO3

DS manual grab N/A 3.0 × 10−6 to

3.6 × 10−6
8.3 × 106 to

1.0 × 107
2.0 × 10−6 to

2.4 × 10−6

DS sensor 8.1 × 10−7 to

1.1 × 10−6
2.7 × 107 to

3.7 × `107
5.3 × 10−7 to

7.3 × 10−7

DS integrator 1.2 × 10−6 to

2.6 × 10−6
1.1 × 107 to

2.4 × 107
8.2 × 10−7 to

1.7 × 10−6

N/A = Not applicable.
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“Monitoring and analytical methods” section and further
explain in detail in the Supporting Information, and (2) the
mathematical framework presented in the “Conceptual and
mathematical framework” section. The use of The Integrator
device simplifies sample collection and greatly reduces the
number of samples needed to quantify conservative and reac-
tive transport metrics commonly used in the study of flow sys-
tems, resulting in considerable cost and time savings. We
demonstrated that the mathematical framework that we devel-
oped to support The Integrator device as an improved, grab sam-
pling technique is also compatible with semi-continuous
monitoring. This is ideal to reconcile and contrast data gath-
ered with different techniques across continents. Due to the
practicality, simplicity, and precision offered by The Integrator,
we envision that this technique will increase the number of
environmental studies in understudied regions, where taking
one or a few sample(s) with high-information content is not
just the only affordable or tractable option, but also one that
can empower researchers and practitioners to start to or better
understand mechanistic processes. This advancement will also
be valuable for researchers studying highly instrumented sites
by allowing them to directly correlate known excitation events
(e.g., tracer injections and natural or anthropogenic distur-
bances) with system responses captured by established sensor
data. Here, we discuss the results of our case studies and then
expand in detail on a variety of potential uses and advances
made possible by The Integrator.

Proof of concept and validation from field studies

Heart rate monitoring
The highly controlled experiments using heart rate data

from two workouts successfully proved the concept behind The

Integrator (Fig. 1). Specifically, the differences caused by using

m0,Integrator cont: = ~Cs−c tf (Eq. 7) instead of m0, cont. from Eq. 5a
were less than 0.01% for the continuous (every second) time-
series (see %diffcont. in Fig. 1A), less than 7.2% for the semi-
continuous (1, 3, and 5 min data gap) time-series (see %diffs− c

in Fig. 1B–D), and less than 5.2% when continuous and semi-
continuous time-series were compared (see %diffcont. vs. s− c

in Fig. 1B–D). In general, the %diff increased with increasing
data gaps but even the largest data gaps (5 min) kept the 0th

order temporal moments estimated within 10% difference for
all calculations performed using these highly dynamic time-
series. Thus, our analyses validate a key concept: continuous,
uniform sampling can be used to simplify mass-balance char-
acterizations. This type of sampling can be achieved with The
Integrator device (see Supporting Information) and is intrinsi-
cally available in semi-continuous sensors.

Field studies
The results from our field studies in two contrasting rivers

(4th and 7th order) in New Mexico validated the applicability
of The Integrator device and the mathematical framework that
supports it. In our comparisons between the results generated
from manual grab sampling, which was assumed as the refer-
ence method, and The Integrator device and semi-continuous
sensors, we found differences that for all practical purposes
can be deemed negligible, particularly knowing the limitations
of manual grab sampling (Drummond et al. 2012). Specifi-
cally, the 0th-temporal moments estimated with data from
field tracer experiments had percent differences (%diff) < 8%
for both conservative and reactive tracers (Table 3). Moreover,
the estimates of the masses recovered (Table 5) were consistent
with the masses injected and the transport and reaction pro-
cesses expected to occur along the study reaches.

Table 5. Comparison of masses recovered based on 0th temporal moments estimated with data from field tracer experiments. US,
upstream; DS, downstream; m0, 0

th temporal moment.

Masses recovered (g)

Jemez River 4th order

Cl NO3 Resazurin
3577 g injected 730 g injected 50 g injected

US DS US DS US DS

Grab 3577–3772 3539–3577 700–708 572–648 48–51 41–44

Sensor N/A 701–798 610–613 N/A

Integrator 3482–3672 3558–3596 704–712 607–688 46–49 42–45

Rio Grande 7th order

Br NO3

No resazurin
injected

31,062 g injected 36,475 g injected

DS DS, with diversion DS DS, with diversion

Grab 27,664–32,420 22,932–26,874 29,539–30,219 24,486–25,050 N/A

Sensor N/A 31,642–32,468 26,228–32,468

Integrator 29,854–34,986 24,747–29,001 30,930–31,643 25,639–26,230

N/A = Not applicable.
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Our analyses to validate The Integrator suggest that the loga-
rithmic function describing uptake/production rate coefficients
in common transport models (e.g., advection-dispersion-
reaction and transient storage models, cf. Eqs. 9–11) amplify
relatively small differences in 0th temporal moments. Here, we
exemplify the sensitivity of the amplification of errors in esti-
mating metrics that rely on 0th temporal moments by assuming
that their magnitudes at upstream and downstream locations
are 2.5 and 2.0 (arbitrary units). For these numbers, the numer-
ator in Eq. 9 (uptake rate coefficients), which would be the
changing quantity in the ratio, is ln(2.5/2.0) = 0.1. Next, if we
add a � 5% difference or uncertainty to each of the two 0th-
order temporal moments, the numerators will range from 0.05
to 0.14, with percent differences in the estimated metrics of up
to 46%. In general, the percent difference in the evaluation of
the uptake rate coefficient grows with the percent difference in
the estimated 0th temporal moments, and also with their simi-
larity (i.e., the percent difference increases in reaches with little
reaction). This simple numerical sensitivity analysis demon-
strates the importance of reporting uptake metrics as ranges
(cf. Table 4), accounting for uncertainty in their estimates,
instead of single values. We argue that too often the numerical
sensitivity behind uptake (or related) metrics is overlooked and
that this oversight hinders intersite or interseason comparisons.
The uncertainties in estimating 0th-order temporal moments
increase when: (1) there are missing samples in the tail of the
breakthrough curve and/or the limits of quantification do not
allow long-tail tracking, (2) there are outliers, (3) sensors drift,
and/or (4) background correction is made difficult by diurnal
cycles in the monitored solutes. Thus, The Integrator could also
be used to take low-cost replicate samples at a given location to
provide more accurate estimates of nutrient uptake parameters
which we now know are highly susceptible to slight errors.

Benefits and potential uses of the integrator
A primary benefit of The Integrator technique is that it

reduces the cost and analytical times required for the estima-
tion of experimental 0th-order temporal moments by a factor
directly proportional to the number of samples that were pre-
viously required to collect a time-series during a typical field
monitoring campaign. From our own experience, at least
20 samples are typically required for the collection of one con-
centration breakthrough curve in solute tracer experiments.
These savings are particularly important for research that
requires a significant degree of spatial, temporal, or experi-
mental replication. For example, the authors are currently
using The Integrator to estimate nutrient uptake rates for 64 rep-
licate hyporheic mesocosms. Using previous methods, these
experiments would have generated approximately 1300 sam-
ples and have cost approximately USD $13,000 and over
530 h of ion chromatography run-time to analyze (assuming
USD $10 and 25 min per sample). Instead, using The Integrator,
similar information content will be obtained with 1/20th of
the cost and time.

In another research project, we are currently conducting
monthly, multiyear tracer experiments in select reaches
located along a 1st–8th river order fluvial network. While we
have sensors monitoring forms of C, N, and P, and proxies
for conservative transport (e.g., specific conductivity and
stage), they cannot uniquely relate observed nutrient concen-
trations with nutrient uptake metrics. Thus, we are con-
ducting repetitive tracer experiments in contrasting river
reaches to develop a robust framework capable of linking
semi-continuous nutrient concentrations with transport and
reactive processes over the range of natural discharge condi-
tions observed. To exemplify our approach, let us contrast
the pairing of repetitive tracer injections and semi-
continuous monitoring of concentrations with the monitor-
ing of glucose in a (pre)diabetic patient. While glucose levels
(or nutrient concentrations in streams) let us quantify if the
patient is glucose impaired (or eutrophic), those measure-
ments alone do not provide mechanistic information on how
the patient’s body (or stream system) assimilates sugars, car-
bohydrates, and nutrients (or C and nutrients). Only until
we relate food intake (or known C and nutrient loading in
tracer experiments) with observed glucose and nutrient levels
(or resulting breakthrough curve concentrations), will we
understand how external forcing functions combine with the
natural system to produce the results that we can monitor
(glucose or concentration levels). This analogy clearly sug-
gests the need for replicate estimates of uptake metrics over
contrasting flow and watershed conditions, a need which The
Integrator is helping us meet.

The previously high cost of measuring solute breakthrough
curves in lotic systems has prevented researchers from collect-
ing nutrient uptake data at the same frequency as lower cost
measurements. For example, the current generation of dis-
solved oxygen probes produces low cost, high quality, and fre-
quency data, and can be deployed in flowing systems for long
periods. This has allowed lotic researchers to calculate near-
continuous estimates of whole stream gross primary produc-
tion and ecosystem respiration (Stanley and del Giorgio 2018;
Bernhardt et al. 2018), which are important measures of eco-
system function. These data are providing new insights into
the temporal dynamics of stream ecosystem function and how
this function responds to disturbance. To date, the high cost
of nutrient uptake experiments has prevented pairing metabo-
lism data with high frequency nutrient uptake data, obscuring
relationships between these important measures of ecosystem
function. The Integrator will thus help researchers studying
highly instrumented sites gain key mechanistic understanding
by allowing them to directly correlate known excitation
events (e.g., tracer injections and natural or anthropogenic
disturbances) with system responses captured by established
sensor data. Additionally, as lower cost and higher resolution
near-continuous nutrient sensors become available, the math-
ematical framework that supports The Integrator provides an
analytical tool to estimate and compare nutrient uptake
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parameters, independently of whether the data come from
grab or semi-continuous data.

In addition to increasing the potential frequency of nutri-
ent and solute uptake measurements, The Integrator will also
allow researchers to estimate these parameters at broader spa-
tial scales. A first example of the problematic status quo with
respect to the spatial scale of sampling is that in spite of long
theorized longitudinal differences in nutrient processing along
the river continuum (Vannote et al. 1980; Creed et al. 2015),
the vast majority of experimental work has focused on head-
water streams (Tank et al. 2008; Hall et al. 2013). This bias
reflects the difficulty of sampling in large rivers and has gener-
ated fundamental knowledge gaps regarding the mechanistic
behavior of nutrient dynamics across fluvial networks. Second,
it is becoming well known that there is a disproportionate
concentration of scientific studies in the Northern Hemi-
sphere, despite the ecohydrological importance of intertropi-
cal and low-latitude ecosystems for local-to-planetary
biogeochemical cycles (Riveros-Iregui et al. 2018). Clearly, this
spatial research gap resembles larger-scale socioeconomic dis-
parities. Since, to date, and for the foreseeable future, the
number of environmental researchers and practitioners that
have the possibility to choose whether to use semi-continuous
or grab sampling (or both) in their monitoring likely repre-
sents the immense minority, we need to develop new knowl-
edge that can help us simplify and improve both grab and
semi-continuous monitoring. Through our personal experi-
ence submitting proposals and research articles that have
benefitted from, and have been challenged by, the use of both
monitoring techniques (Mortensen et al. 2016; Knapp et al.
2018; Riveros-Iregui et al. 2018), we have perceived an unnec-
essary predilection for semi-continuous monitoring. We
believe that such cultural bias is not only unnecessary, as both
grab and semi-continuous monitoring are known to have
shortcomings and benefits, but also harmful because it may
inadvertently contribute to increase the knowledge gap
between more studied regions, where still only some research
groups can afford semi-continuous sensors, and other under-
studied locations that may hold high information content
about environmental processes. Thus, making grab and semi-
continuous sampling analogous when monitoring the same
system (i.e., same location, time and solutes) will provide
more equal opportunities for researchers across the planet and
will also greatly improve scientific reproducibility and allow
meaningful comparisons between highly instrumented and
ungauged sites. Simply put, imagine the frivolous alternative fate
of humanity had Charles Darwin done all his research just in
England, even with unlimited access to what was considered
cutting-edge technology in his days!

Despite our case studies focused on the analysis of conser-
vative and reactive transport of solutes in rivers, the principles
behind The Integrator technique can be used to monitor water
quality in hyporheic zones, aquifers, wetlands, swamps, karsts,
oceans, wastewater treatment plants, pipe networks, and even

air quality. Furthermore, special arrangements of Integrator
devices can be used to gather data at spatial and temporal res-
olutions that are currently unattainable due to high transpor-
tation and/or personnel costs. Finally, as described in the
Supporting Information, The Integrator can be used to pioneer
the next generation of remote monitoring, where a smart sys-
tem operated remotely via telemetry activates both a dispenser
releasing known quantities of tracer salts and The Integrator
sampling device.
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